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Edited by Lev KisselevAbstract The important identity elements in tRNAGln and
tRNAAsn for bacterial GatCAB and in tRNAGln for archaeal
GatDE are the D-loop and the ﬁrst base pair of the acceptor
stem. Here we show that Methanothermobacter thermautotro-
phicus GatCAB, the archaeal enzyme, is diﬀerent as it discrim-
inates Asp-tRNAAsp and Asp-tRNAAsn by use of U49, the
D-loop and to a lesser extent the variable loop. Since archaea
possess the tRNAGln-speciﬁc amidotransferase GatDE, the
archaeal GatCAB enzyme evolved to recognize diﬀerent ele-
ments in tRNAAsn than those recognized by GatDE or by the
bacterial GatCAB enzyme in their tRNA substrates.
 2006 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Evolution1. Introduction
Attaching the correct amino acid to its cognate tRNA spe-
cies is an essential step for the ﬁdelity of protein synthesis, cat-
alyzed usually by the aminoacyl-tRNA synthetases (aaRS) [1].
However, many bacterial and archaeal genomes do not encode
an asparaginyl-tRNA synthetase (AsnRS) and instead use an
indirect pathway for Asn-tRNA synthesis. These organisms
take advantage of a non-discriminating aspartyl-tRNA
synthetase (ND-AspRS) to form Asp-tRNAAsn and an
Asp-tRNAAsn-dependent amidotransferase (Asp-AdT) that
converts the mischarged tRNA by amidation to Asn-tRNAAsn
[2–8]. Prokaryotes lacking a glutaminyl-tRNA synthetase use a
similar two-step tRNA-dependent transamidation pathway to
form Gln-tRNA with the aid of a ND-glutamyl-tRNA synthe-
tase and a Glu-AdT [3,9,10].
Two AdTs exist in nature, the heterotrimeric GatCAB [10]
and the heterodimeric GatDE [3]. The former is found in both
archaea and bacteria [3]. In vitro GatCAB is capable of acting
as both a Glu-AdT and an Asp-AdT [3,5,7]. GatDE occurs
only in archaea and functions solely as a Glu-AdT [3]. Given
the presence of GatDE in every archaeon the archaeal Gat-
CAB enzyme may function in vivo as an Asp-AdT; this is a
plausible but still unproven assumption. The GatC protein is
small, about 100 aa long, and is likely a chaperone for GatA*Corresponding author. Fax: +1 203 432 6202.
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doi:10.1016/j.febslet.2006.12.033[10], helping it bind to GatB [11]. GatA turned out to be an
amidase [12] whereas GatD was shown to be an asparaginase
[3,13]. GatE and GatB belong to an isolated protein family
and have been implicated as tRNA binding domains catalyzing
the ATP-dependent activation of the mischarged tRNA and
subsequent amidation into the correct aa-tRNA [11,13–15].
AdTs must recognize speciﬁc elements of a tRNA to
discriminate the mischarged species (Asp-tRNAAsn or
Glu-tRNAGln) from the correctly charged ones (Asp-tRNAAsp
or Glu-tRNAGlu). Studies with Staphylococcus aureus
GatCAB and Methanothermobacter thermautotrophicus
GatDE showed that the D-loop and the ﬁrst base-pair of the
acceptor stem are important recognition elements for tRNAGln
identity [10,15]. Recent work revealed similar recognition ele-
ments in use by bacterial GatCAB to discriminate tRNAAsn
from tRNAAsp [16]. The same work suggested the variable
loop would be the major identity element recognized by the
archaeal GatCAB to diﬀerentiate tRNAAsn from tRNAAsp
[16]. In M. thermautotrophicus, the ﬁrst base pair of the accep-
tor stem is invariant between tRNAAsp and tRNAAsn.
Given that the AdT tRNA recognition work to date focused
on the bacterial GatCAB enzyme and on the archaeal speciﬁc
Glu-AdT, GatDE, we decided to study the M. thermautotro-
phicus GatCAB as an Asp-AdT. We demonstrate a new assay
for measuring aa-tRNA recognition by AdTs and report on
the identity elements used by GatCAB to discriminate
tRNAAsn from tRNAAsp.2. Materials and methods
2.1. General
Oligonucleotide synthesis and DNA sequencing were performed by
the Keck Foundation Biotechnology Resource Laboratory at Yale
University. [14C]Asp (213 mCi/mmol) and [3H]Asp (26 Ci/mmol) were
purchased from Amersham Biosciences (Piscataway, NJ) and [14C]Asn
(228.4 mCi/mmol) was purchased from Perkin–Elmer Life Sciences
(Boston, NE).
2.2. Preparation of enzymes and tRNAs
The heterotrimeric M. thermautotrophicus GatCAB enzyme was
overexpressed as a C-terminal His6-tag fusion at the GatB subunit,
puriﬁed by nickel aﬃnity chromatography as previously described
[17] followed by size-exclusion chromatography on a Superdex
HR200 column (Amersham Biosciences) in buﬀer A (50 mM
HEPES-KOH (pH 7.4), 10 mM MgCl2, 1 mM DTT, 100 mM NaCl)
with 10% glycerol, then dialyzed in buﬀer A containing 50% glycerol
and stored at 20 C before use.
For preparation of in vitro tRNA transcripts, chemically synthesized
oligonucleotides corresponding to wild-type and mutant tRNAAsn and
tRNAAsp sequences were cloned into pUC19. The transcriptionblished by Elsevier B.V. All rights reserved.
310 S. Namgoong et al. / FEBS Letters 581 (2007) 309–314templates were digested with BstNI (tRNAAsn) or NsiI (tRNAAsp) at
55 C for 16 h. In vitro T7 RNA polymerase run-oﬀ transcriptions
were conducted as described [18] and the RNA puriﬁed using a Qiagen
(Valencia, CA) RNA–DNA kit according to manufacturer’s instruc-
tions.
2.3. tRNA aminoacylation
For amidotransferase assays, tRNAAsp and tRNAAsn generated by
in vitro transcription was charged with [14C]Asp (50 lM) or [3H]Asp
(50 lM) by 4 lg puriﬁed M. thermautotrophicus AspRS as described
[17]. After aminoacylation, phenol:chloroform (1:1) extraction, and
precipitation with two volumes of ethanol the Asp-tRNA preparations
were stored at 20 C.
2.4. Amidotransferase assay
GatCAB activity was measured as described earlier [5] with slight
modiﬁcations. [14C] or [3H] labeled Asp-tRNAs were suspended in
100 ll amidation buﬀer (50 mM HEPES-KOH, pH 7.4, 25 mM KCl,
10 mM MgCl2, 2 mM dithiothreitol) and 10 nM of M. thermautotro-
phicus GatCAB enzyme was added and incubated at 37 C for 5 min.
Aliquots of 20 ll were removed every 60 s and quenched by the addi-
tion of 20 ll of 50 mM KOH. The tRNAs were deacylated by a 15 min
incubation at 25 C, dried in a Speedvac, and then resuspended in 3 ll
of 50 nM of unlabeled Asp and Asn. An aliquot (1.5 ll) was spotted
onto a cellulose TLC plate (Sigma–Aldrich, St. Louis, MO) and devel-
oped in ammonia:water:chloroform:methanol (2:1:6:6). The [14C]-
radioactive amino acids were detected in a Storm 860 Bioimager and
analyzed with ImageQuaNT V4.0 program (Amersham Biosciences).
When [3H]-aminoacyl-tRNAs were used, the [3H] amino acids were
detected after spraying with 0.02% ninhydrin and excising the portions
of the TLC plate corresponding to the Asp and Asn spots, and ﬁnally
liquid scintillation counting.
2.5. RNase protection assay
To investigate binding between Asp-tRNAs and GatCAB, an
RNase protection assay [19] was used. 40 nM of [3H] Asp-tRNA was
preincubated for 30 min at 4 C in the presence of 40–2000 nM Gat-
CAB, 50 mM HEPES-KOH (pH 7.4), 10 mM MgCl2, 25 mM KCl
and 20% glycerol to form a ternary complex of Asp-tRNA and Gat-
CAB protein. RNase digestion was started by the addition of 1 lg pan-
creatic RNase mix (Roche Biochemical, Indianapolis, IN) and was
stopped by withdrawing 20 ll and spotting onto a 3 mm paper ﬁlter
(Whatman, NJ) immersed with 10% of trichloroacetic acid (TCA) solu-
tion. The paper ﬁlters were washed twice with 10% and 5% of TCA
solution respectively and residual radioactivity was counted by liquid
scintillation counting.Fig. 1. Recognition of Asp-tRNAAsn and Asp-tRNAAsp by GatCAB.
(A) Time course of transamidation of Asp-tRNAAsn (s) and Asp-
tRNAAsp (d). [14C]Asp-tRNAAsn or [14C]Asp-tRNAAsp (0.5 lM) were
incubated with M. thermautotrophicus GatCAB (10 nM) at 37 C. (B)
RNase A protection analysis of GatCAB:Asp-tRNA complexes.
[3H]Asp-tRNAAsn (s) (10 nM) and [3H]Asp-tRNAAsp (d) (10 nM)
were mixed with 0–2000 nM of GatCAB (A) and treated with RNase
mix (10 lg) for 30 s at 4 C. The residual radioactivity on the ﬁlter after
TCA washing was determined as described in Section 2.3. Results
3.1. Modiﬁed bases in tRNAAsn and tRNAAsp do not play
signiﬁcant roles in recognition by GatCAB
Previously, it was shown that Asp-tRNAAsn derived from
in vitro transcription could be transamidated by recombinant
M. thermautotrophicus GatCAB enzyme [3], suggesting that
modiﬁed bases in tRNAAsn transcripts do not play signiﬁcant
roles in the recognition of Asp-tRNAAsn by GatCAB. In order
to determine whether the same enzyme still discriminates
against the unmodiﬁed tRNAAsp transcript we employed two
methods. The ﬁrst, a standard in vitro transamidation assay
[10] based on the separation of amino acids by TLC was
carried out with in vitro transcribed Asp-tRNAAsn and Asp-
tRNAAsp (Fig. 1A). The second technique was an RNase pro-
tection assay [18], which has been used for investigation of
binding properties of aa-tRNAs with EF-Tu, adapted for the
investigation of interactions between GatCAB and Asp-tRNA.
EF-Tu protects bound aa-tRNAs from RNase digestion, and
the amount of TCA-insoluble radioactivity correlates with
the level of ternary complex between EF-Tu and radiolabeled
aa-tRNAs [18]. This was used to measure Asp-tRNAAsn:Gat-CAB complex formation. As expected, Asp-tRNAAsn (as tran-
script) was converted to Asn-tRNAAsn by the addition of
M. thermautotrophicus GatCAB [3], while the Asp-tRNAAsp
transcript was not transamidated (Fig. 1A). The amount of
[3H]Asp-tRNAAsn protected in this assay increased with
increasing GatCAB concentration (Fig. 1B). Using linear
regression analysis, we estimated the KD of M. thermautotro-
phicus GatCAB for Asp-tRNAAsn to be approximately
0.6 lM. Asp-tRNAAsp was not protected from RNase diges-
tion by any amount of GatCAB tested. These results suggest
that GatCAB speciﬁcally binds Asp-tRNAAsn. Therefore,
modiﬁed nucleotides do not play an essential role in GatCAB
discrimination of Asp-tRNAAsn from Asp-tRNAAsp.
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Asp-tRNAAsn – We constructed eight chimeric tRNAAsn vari-
ants (tRNAAsx) in which diﬀerent structural portions of
tRNAAsp replaced the corresponding ones in tRNAAsn
(sequences in Fig. 2A). These tRNAAsx variants (depicted
schematically in Fig. 2B) were then aspartylated with M. ther-
mautotrophicus AspRS. Seven out of eight of these tRNAAsx
mutants could be aspartylated; exchange of the tRNAAsn
D-arm for that of tRNAAsp gave rise to an unchargable tRNA.Fig. 2. Eﬀect of domain swap tRNAAsn mutants on transamidation acti
thermautotrophicus tRNAAsn and tRNAAsp. Sequence diﬀerences between
various Asp-tRNAAsx mutants and wild-type Asp-tRNAAsn. Transamidation
Asp-tRNAAsn or mutant Asp-tRNAAsx and relative activity was expressed a
The T-stem* swap did not include the ﬁrst base pair of the stem. (C) RNase A
tRNAAsn (s) and swap tRNAAsn mutant with T-arm (d) or anticodon arm
points.The remaining Asp-tRNAAsx variants were tested for Gat-
CAB-catalyzed amidation.
For ﬁve of the other Asp-tRNAAsx swap mutants, a zero-
to fourfold decrease of conversion eﬃciency was observed.
The T-stem swap mutant retained the A49–U65 base pair
found in tRNAAsn. The largest eﬀects were seen with the
T-arm and D-loop Asp-tRNAAsx mutants; they supported
the amidotransferase 10-fold less than did wild-type Asn-
tRNAAsn.vity and binding to GatCAB. (A) Clover-leaf representation of M.
the two tRNAs are circled. (B) Relative transamidation activities of
activity was measured as described in Section 2 with 1 lM wild-type
s ratio of conversion rate of wild-type Asp-tRNAAsn to Asn-tRNAAsn.
protection analysis of GatCAB:Asp-tRNA complexes. Wild-type Asp-
(m) portion of tRNAAsp. The curves were ﬁtted from the experimental
Table 2
Alignment of the archaeal tRNAAsn and tRNAAsp isoacceptors at
positions 49 and 65 in the T-stema
Asp-AdT AsnRS
Species Species
tRNA 49/65 tRNA 49/65
A. pernix P. furiosus
Asn GU Asn CG
Asp CG Asp CG
A. fulgidus P. horikoshii
Asn GC  Asn CG
Asp UG  Asp CG
H. salinarum P. aerophilum
Asn CG  Asn CG
Asp GC  Asp CG
M. jannaschii P. abyssi
Asn GC Asn CG
Asp UG  Asp CG
M. thermautotrophicus T. kodakaraensis
Asn AU Asn CG
Asp UG  Asp CG
S. solfataricus T. acidophilum 
Asn GC Asn AU
Asp CG  Asp AU
S. tokodaii  T. volcanium
Asn GC Asn AU
Asp CG  Asp AU
S. acidocaldarius
Asn GC
Asp CG
H. marismortui
Asn CG
Asp GC
M. acetivorans
Asn GC
Asn GC
Asp UG
M. maripaludis
Asn GC
Asp UG
M. bakeri Fusaro 
Asn GC
Asp CG
M. kandleri 
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Asp-tRNAs was investigated with the RNase protection assay.
While wild-type Asp-tRNAAsn and anticodon swapping
mutants had nearly similar binding aﬃnity to GatCAB, the
protection level of the T stem-loop mutant was signiﬁcantly
reduced (Fig. 2C), indicating the tRNAAsn T-arm is critical
for speciﬁc recognition by GatCAB.
3.2. U49 in tRNAAsp is a major antideterminant for GatCAB
recognition
To reveal a more detailed picture of Asp-tRNAAsn recogni-
tion by GatCAB, 15 tRNAAsn mutants were generated based
on the sequence diﬀerences between M. thermautotrophicus
tRNAAsp and tRNAAsn (Fig. 2A). After aspartylation their
substrate qualities were determined in initial velocity experi-
ments with GatCAB (Table 1). Most mutations did not signiﬁ-
cantly impact the ability of GatCAB to use the tRNA variants
as substrates. Conﬁrming our anticodon swap experiment
(Fig. 2B), point mutations in the anticodon loop did not appre-
ciably alter the ability of GatCAB to productively bind to the
tRNA. Two tRNA mutants could not be transamidated; they
had replacements of the A49–U65 base pair with a U49–G65
wobble pair (present in M. thermautotrophicus tRNAAsp) or
with a U49–A65 pair. Base pair changes in this position (to
C49–G65 or G49–U65) led to tRNAs that were much less
aﬀected in their ability to be substrates for GatCAB. Therefore
we conclude that U49 may act as an antideterminant for Gat-
CAB recognition of tRNAAsp. Three other tRNAAsn mutants
in our collection showed marked intermediate eﬀects on trans-
amidation; position 9 located between the acceptor and D-
stems, position 47 in the variable loop and position 56 in the
T-loop. Nucleotides in these positions should contribute to
the overall tertiary structure of the tRNA.
A comparison of position 49 in archaeal tRNAAsn and
tRNAAsp species makes it apparent that U49 is not conserved
as an anti-determinant (Table 2). In most archaea encoding a
GatCAB position 49 diﬀers in tRNAAsp and tRNAAsn. When
purine at position 49 occurs in tRNAAsn, tRNAAsp has aTable 1
GatCAB activity with Asp-tRNAAsn mutantsa
Base change Region in tRNA Relative transamidase
activity (%)
Wild-type tRNAAsn 100.0
A9ﬁG9 D-stem 29.8
G10 Æ C25ﬁ A10 Æ U25 98.7
C11 Æ G24ﬁ U11 Æ A24 91.3
G13 Æ C22ﬁ U13 Æ U22 70.9
U27 Æ U43ﬁ C27 Æ G43 Anticodon stem 55.4
U36ﬁ A36 Anticodon loop 68.9
U36ﬁ C36 98.7
A37ﬁG37 66.5
U47ﬁ D47 Variable loop 40.1
A49 Æ U65ﬁ U49 Æ G65 T-stem <0.5
A49 Æ U65ﬁ C49 Æ G65 62.8
A49 Æ U65ﬁ G49 Æ U65 49.9
A49 Æ U65ﬁ U49 Æ A65 <0.5
G56ﬁ A56 T-loop 38.1
C5 Æ G68ﬁ U5 Æ A68 Acceptor stem 51.1
Wild-type tRNAAsp <0.5
a[14C]Asp-tRNA (0.5 lM) was incubated with M. thermautotrophicus
GatCAB (10 nM) at 37 C. The enzyme activity with each variant was
expressed as relative percentage of conversion rate for wild-type Asp-
tRNAAsn to Asn-tRNAAsn.
Asn CG
Asp CG
N. equitans
Asn CG
Asp CG
aSpecies were divided by whether their genomes encode GatCAB or
AsnRS. Pyrimidines are shaded grey with black lettering while purines
are shaded black with white lettering.pyrimidine or vice versa; this suggests that position 49 may still
serve as anti-determinant for GatCAB recognition in many
organisms (Table 2). Nanoarchaeum equitans and Methano-
pyrus kandleri are notable exceptions. Position 49 is invariant
between tRNAAsp and tRNAAsn in archaea with an AsnRS
(Table 2).
3.3. Asp-AdT active across domains of life
In bacteria that use the two-step transamidation pathway
tRNAAsn and tRNAGln have a U1–A72 base pair, while a
G1–C72 pair is common in tRNAAsp and tRNAGlu; these are
important identity elements for the bacterial GatCAB
(Fig. 3A) [16]. Mutating the U1–A72 pair to G1–C72 in S. aur-
eus tRNAGln signiﬁcantly decreased the ability of GatCAB to
recognize the tRNA [11]. Similar results were obtained for
Fig. 3. Transamidation by H. pylori or M. thermautotrophicus
GatCAB with homologous and heterologous Asp-tRNAAsn. (A)
Clover-leaf presentation of H. pylori tRNAAsn and tRNAAsp species.
The important identity elements [16] are boxed. The two additional U
residues in the D-loop are shown in bold. (B) Transamidation of M.
thermautotrophicus and H. pylori Asp-tRNAAsn by a bacterial (H.
pylori) or archaeal (M. thermautotrophicus) GatCAB. Reactions were
carried out over 5 min with 10 nM enzyme. Activities are plotted
relative to the homologous reaction; e.g., the activity of the H. pylori
GatCAB with theM. thermautotrophicus Asp-tRNAAsn was relative to
the activity of the H. pylori with its own Asp-tRNAAsn.
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GatDE, the archaeal Glu-AdT, the ﬁrst base pair of the accep-
tor stem is also important to achieve productive tRNA binding
[15]. The archaeal tRNAAsn and tRNAAsp species contain a
G1–C72 base pair (Fig. 2A); therefore this position in the
tRNA is not used for discriminating tRNAAsn from tRNAAsp
by the archaeal GatCAB. Since we are also working with the
puriﬁed bacterial GatCAB enzyme from Helicobacter pylori,
we compared the ability of this bacterial AdT with that of the
archaeal M. thermautotrophicus enzyme to use either archaeal
Asp-tRNAAsn orH. pyloriAsp-tRNAAsn as a substrate. The re-
sults show (Fig. 3B) that the archaeal enzyme could transami-
date the heterologous bacterial Asp-tRNAAsn whereas the
bacterial enzyme could only transamidate its own Asp-
tRNAAsn. A similar ﬁnding with the N. meningitidis and Met-
hanoscarcina bakeri enzymes was very recently reported [16].4. Discussion
Studies of speciﬁc tRNA recognition by aminoacyl-tRNA
synthetases by genetic, biochemical and structural techniques[20] have led to a detailed understanding of the set of discrete
tRNA identity elements that distinguish an isoacceptor group
from all the other tRNA species [21]. Such investigations are
now underway to characterize the enzymes that form aa-tRNA
by tRNA-dependent transamidation (e.g., [11,15,16]). There-
fore it is appropriate to ask whether the tRNA recognition pro-
cess of tRNA-dependent amidotransferases is the same as that
for aaRSs. In theory, these processes could operate diﬀerently.
While the aaRS selects its cognate tRNA from amongst a large
number of cellular tRNAs,M. thermautotrophicusGatCAB, for
example, may ﬁrst recognize the Asp moiety on the 3 0 end of the
aa-tRNA, narrowing the pool to Asp-tRNAAsn and Asp-
tRNAAsp. In a second step only the rejection of the perfect cog-
nate aa-tRNA (Asp-tRNAAsp) is required. Following this rea-
soning we synthesized ‘transplantation’ tRNAmutants (Fig. 2).
It is more diﬃcult to establish a complete list of tRNA
identity elements for such enzymes, as their substrates need
to be synthesized by another enzyme, an aaRS. The genera-
tion of substrates for M. thermautotrophicus GatCAB, a
collection of mischarged Asp-tRNAAsn species, therefore
relies on at least partial preservation of the tRNAAsn identity
elements used by AspRS. Indeed, many tRNAAsn mutants
that were constructed in this study could not be aspartylated
satisfactorily; however a suﬃcient number was obtained for
our studies (Table 1). Although some of the tRNAAsx
mutants used in this study (including the D-loop and
T-arm swap mutants) could be aspartylated only to half the
level obtained with the wild-type tRNAAsn, we do not believe
that inhibition by uncharged tRNA played a signiﬁcant eﬀect
in our transamidation results. When we added a 64-fold ex-
cess of uncharged tRNAAsn, we were unable to compete Gat-
CAB away from Asp-tRNAAsn. We were able to show that
the D-loop and the T-stem/loop of tRNAAsn are important
for GatCAB recognition. Since no tRNAAsn mutants with
single base changes in the D-loop could satisfactorily be
aspartylated, it is currently unclear, if size of the D-loop or
speciﬁc bases are important for GatCAB recognition. How-
ever, the data clearly show that a U49 in the T-arm (as found
in M. thermautotrophicus tRNAAsp) is suﬃcient for GatCAB
rejection (Table 2). Given the tRNA sequences of archaeal
tRNAAsp species (Table 2), position 49 is probably used as
an anti-determinant by many archaeal GatCAB enzymes to
discriminate against Asp-tRNAAsp. The importance of the
variable loop for GatCAB recognition is also evident from
the signiﬁcant activity loss observed in the domain-swap mu-
tant (Fig. 2B) and in the U47ﬁ D47 tRNAAsn (Table 1).
This region was also predicted to be important based on
detailed tRNA sequence comparisons [16]. In N. equitans
and M. kandleri, whose tRNAAsp and tRNAAsn species are
invariant at position 49, discrimination against Asp-tRNAAsp
is probably accomplished either by use of the D and variable
loops alone or by recognition of additional elements in the
tRNAs.
In bacteria, a single AdT, GatCAB, exists to transamidate
Asp-tRNAAsn and Glu-tRNAGln [7]. It is not too surprising
then that the major recognition elements, the U1–A72 pair
and the smaller D-loop, are conserved between bacterial
tRNAGln and tRNAAsn species [11,16]. In archaea, two AdTs
exist, GatDE and GatCAB [3]. The former is solely a Glu-AdT
discriminating Glu-tRNAGln from Glu-tRNAGlu, Asp-
tRNAAsp, and Asp-tRNAAsn [3]. One of the major elements
GatDE recognizes in tRNAGln is the A1–U72 pair in the
314 S. Namgoong et al. / FEBS Letters 581 (2007) 309–314acceptor stem [15]. The other three tRNA species mentioned
have a G–C pair at that position. It appears, one of the ways
archaea may have evolved an AdT speciﬁc for Glu-tRNAGln,
was to encode tRNAAsn with the G1–C72 pair found in
tRNAGlu and tRNAAsp making Asp-tRNAAsn a poorer sub-
strate for GatDE. Evolution of the speciﬁc Glu-AdT, GatDE,
in archaea, therefore, enacted a selective pressure on the archa-
eal GatCAB, forcing its coevolution with tRNAAsn in order to
maintain its Asp-AdT function. This same pressure may have
been responsible for the evolution of new antideterminants,
such as position 49, in tRNAAsp.
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